Abstract: The crystal structure of the NADH:quinone oxidoreductase PA1024 has been solved in complex with NAD + to 2.2 Å resolution. The nicotinamide C4 is 3.6 Å from the FMN N5 atom, with a suitable orientation for facile hydride transfer. NAD + binds in a folded conformation at the interface of the TIMbarrel domain and the extended domain of the enzyme. Comparison of the enzyme-NAD + structure with that of the ligand-free enzyme revealed a different conformation of a short loop (75-86) that is part of the NAD + -binding pocket. P78, P82, and P84 provide internal rigidity to the loop, whereas Q80 serves as an active site latch that secures the NAD + within the binding pocket. An interrupted helix consisting of two α-helices connected by a small three-residue loop binds the pyrophosphate moiety of NAD + . The adenine moiety of NAD + appears to π-π stack with Y261. Steric constraints between the adenosine ribose of NAD + , P78, and Q80, control the strict specificity of the enzyme for NADH. Charged residues do not play a role in the specificity of PA1024 for the NADH substrate.
Introduction
Pyridine nucleotides are ubiquitous and important biological molecules that are vital to the function of living cells. 1 The two primary forms reduced nicotinamide adenine dinucleotide (NADH) and reduced nicotinamide adenine dinucleotide phosphate (NADPH), along with their oxidized counterparts NAD + and NADP + , participate in numerous biological processes, including among others cellular energy production, mitochondrial functions, calcium regulation, oxidative stress, gene expression, immune functions, the aging process, and cell death. 2 The chemical structures of NADH and NADPH differ only by the presence of an extra phosphate group on the 2'hydroxyl of the adenine ribose moiety. NADH is commonly involved in catabolic pathways, whereas NADPH serves in anabolic pathways. 3 The small structural difference between the two molecules of a phosphate versus a hydroxyl group is responsible for eliciting different roles for each molecule and the enzymes that catalyze these reactions.
A plethora of enzymes with varying functions employ pyridine nucleotides as substrates or, more seldom, cofactors. Major classes include, but are not limited to, oxidoreductases such as NAD(P)H quinone oxidoreductases 4 (NQOs) and azoreductases; 5 reductases such as cytochrome P450 reductases 6 and glutathione reductase; 7 and dehydrogenases such as lactate dehydrogenase 8 and glutamate dehydrogenase. 9 These enzymes often show a preference for NADH or NADPH; however, among the NQOs, lot6p and NQO1 can utilize both NADH and NADPH. 10, 11 YhdA from Bacillus subtilis and PA1225 from Pseudomonas aeruginosa are NQOs specific for NADPH, 12, 13 while AzoA from Enterococcus faecalis and tryptophan repressor binding protein (WrbA) are specific for NADH. 14, 15 The most common fold that binds pyridine nucleotides is the βαβαβ motif, also known as the Rossmann fold, 16 ,17 yet other folds have been discovered to bind NAD(P)H, such as the TIM-barrel fold 18 and the flavodoxin-like fold. 4 The pyridine nucleotide is usually bound to a protein in an extended conformation. 16 The adenine portion of NAD(P)H typically binds to a mostly hydrophobic pocket, whereas the pyrophosphate portion binds to the backbone amide groups of glycine residues positioned on α-helices or loops. NADPH-specific enzymes frequently have insertions of basic residues within the nicotinamidebinding region to bind the extra phosphate group, while NADH-specific enzymes have acidic residues positioned to repel the additional phosphate on NADPH. Numerous reports describe alteration or switching of the specificity of NADPH-and NADHdependent enzymes through site-directed mutagenesis. [19] [20] [21] [22] [23] [24] [25] Despite the wealth of knowledge accumulated, the structural rules governing pyridine nucleotides specificity have yet to be fully elucidated. PA1024 is a recently characterized FMNdependent NADH:quinone oxidoreductase that demonstrates a strict specificity for NADH. 26 The rate of flavin reduction at pH 7.0 with 500 μM NADH is 22 s −1 , whereas the reaction with an equivalent concentration of NADPH is 3500 times slower. 26 A previous study determined the ligand-free structure of PA1024, indicating the overall fold of the enzyme is a TIM-barrel fold. 27 In the present study, we have solved the crystal structure to 2.2 Å resolution of PA1024 in complex with the reaction product NAD + at pH 7.0. The complex reveals the structural basis for the strict NADH specificity of the enzyme and its lack of reactivity with NADPH. The results also reveal an active site gate that assumes a different conformation in the PA1024-NAD + complex as compared to the ligand-free enzyme structure and an interrupted helix that binds the pyrophosphate moiety of NAD + . The findings of this study contribute to the overall understanding of pyridine nucleotide substrate specificity and aid in protein engineering efforts with related enzymes.
Results and Discussion
Overall structure of the PA1024-NAD + complex PA1024 was co-crystallized with NAD + . The structure was solved in the trigonal space group P3 1 21 with one molecule per asymmetric unit by molecular replacement using the coordinates of the ligand-free form of PA1024 as the initial search model. , as well as the C-terminal polyhistidine-tag, were excluded from the final structure due to lack of observable electron density.
The monomeric enzyme consists of two domains, a TIM-barrel domain and an inserted domain, which are connected by two loops. The TIM-barrel domain (M 1 -
) consists of eight α-helices and eight parallel β-strands, with the FMN and substrate binding sites capping the barrel. In the PA1024-NAD + complex, the FMN-binding site is practically identical to the ligand-free structure of the enzyme previously reported. The overall structure of PA1024 in complex with NAD + is highly similar to the ligand-free structure determined by Ha et al. with an RMSD value of 0.13 Å on 326 equivalent Cα atoms (Fig. 1 ).
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Comparison of the structure of the PA1024-NAD + complex to the ligand-free structure of PA1024
indicates a conformational change occurs at a loop comprised of residues 75-86 (Fig. 1) . The loop residues P78, P82, and P84, which are fully conserved in over 500 sequences that share high identity and similarity with PA1024, are likely necessary to provide internal rigidity to the loop. Q80 on the loop shows the greatest spatial variability from the ligand-free conformation, as it moves 5.5 Å to form a hydrogen bond with the side-chain of Y261 (2.9 Å) and latches an apparent active site "gate" to secure the NAD + (Fig. 2 ).
Q80 is highly conserved, but isoleucine or leucine occurs at this position in some cases, suggesting that a side-chain that is~4 Å-long is required to physically block the active site entrance and secure NADH in the binding pocket. Active site gates or "lids" at the entrance of the active site have also been observed in D-amino acid oxidase from pig kidney 29 and human, 30 Pseudomonas aeruginosa D-arginine dehydrogenase, 31 choline oxidase, 32 dihydrofolate reductase, 33 RNA polymerase, 34 and many more enzymes. 35 The NAD + molecule is bound to the si-face of the FMN. The re-face of the cofactor instead is buried in the protein environment, making it impossible for the NAD + to access. NQO1 and NQO2 are similar to PA1024 in this regard, as the re-face of FAD is buried in these proteins and the pyridine nucleotide substrate binds to the si-face. 36, 37 In contrast to PA1024, which is FMN-dependent and has TIM-barrel fold, NQO1 and NQO1 utilize FAD as a cofactor and adopt a flavodoxin-like fold.
Conformation of NAD + bound to PA1024
The electron density of the NAD + bound to PA1024 is well defined (Fig. 3 ) and the occupancy is~80%. The average B-factor for 44 NAD + atoms is 55 Å 2 , which is higher than the average value for the protein atoms, 34 Å 2 , and the protein residues in the NAD + -binding site, 41 Å 2 . The high B-factor suggests some degree of flexibility of the NAD + , which agrees well with the observation that the NAD + -binding site is between the TIM-barrel domain and the inserted domain and includes a mobile loop (Fig. 1 ). NAD + is bound to the enzyme in a "folded" fashion ( Fig. 3) , rather than in an extended conformation. The nicotinamide ring binds close to the FMN, whereas the adenine ring resides close to the enzyme surface (Fig. 2) (Fig. 4) . Two van der Waals contacts are made by the β-and γ-carbons of Q24 with the nicotinamide ring of NAD + (3.4 and 3.7 Å, respectively). As shown in Figure 3 , the nicotinamide C4 atom of NAD + is 3.6 Å from the N5 of FMN with a donor/acceptor angle of 110.6 for the atoms involved in the hydride transfer reaction. Thus, the combination of the proximity and appropriate angle seen in the structure of the PA1024-NAD + complex represent a binding mode relevant for facile hydride transfer from the nicotinamide of the NAD + to the N5 atom of the FMN. The nicotinamide ring of the NAD + does not appear to directly π-π stack with the pyrazine ring of FMN. A conformation similar to that seen here was described in the crystal structure of PfaD from Shewanella oneidensis in complex with NAD + (PDB ID: 4Z9R). In contrast, complexes of 1,4,5,6-tetrahydro-NADH in pentaerythritol tetranitrate reductase and NADH in the hydrophilic domain of respiratory Complex I from Thermus thermophilus showed the nicotinamide ring π-π stacked with the pyrazine of FMN, but the carboxamide portion of the nicotinamide ring is tilted and aligns with the O4 and N3 atoms on the pyrimidine ring of FMN. 42, 43 Riboses. The 2'hydroxyl of the adenine ribose establishes a hydrogen bond with the backbone C=O of P78 (3.1 Å). The 3'hydroxyl of the adenine ribose forms a hydrogen bond with the side-chain of H152 (3.5 Å). The ring O atom of the adenine ribose engages in a hydrogen bond with the side-chain hydroxyl of Y261 (3.1 Å) (Fig. 4) . The nicotinamide ribose instead is not well defined in the electron Values for the outer shell are given in parentheses.
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density map (Fig. 3) , thereby preventing a clear depiction of its interactions with the protein.
Pyrophosphate. The O5 phosphate atom of the pyrophosphate moiety of NAD + is close to the NH group on the side-chain of Q24 (3.7 Å) (Fig. 4) . The O1 and O2 atoms of the adenine phosphate form hydrogen bonds with the backbone amides of G270 (3.1 Å) and Q80 (3.4 Å). G270 resides on a short loop ( 268 VSG 270 ) that is connected to two α-helices in what can be described as an interrupted helix (Fig. 4) . The interrupted helix is part of the inserted domain of PA1024 and appears to be a single helix that has been slightly unwound. Y261 anchors the helix by stacking on the adenine of NAD + and Q80 interacts with Y261. G270 is fully conserved in the 500 sequences that share high identity with PA1024; therefore, G270 is likely essential to provide the necessary space to bind the pyrophosphate of NAD + . Residues V268 and S269 are likely required to have unbulky side-chains to accommodate the pyrophosphate of NAD + . Adenine. The N3 atom of the adenine moiety of NAD + forms a hydrogen bond with the side-chain C=O of N237 (3.1 Å). The adenine moiety of NAD + appears to π-π stack with Y261 (Fig. 5) . Comparison of 500 proteins sharing similar amino acid sequences to PA1024 indicates that Y261 is highly conserved as either a tyrosine or phenylalanine, and, in a few cases (<5%), an isoleucine. The important structural feature at position 261 for binding the pyridine nucleotide appears to be an aromatic residue capable of π-π stacking interactions with the adenine moiety. A similar π-π stacking interaction of aromatic residues with the adenine of ADP is well established in the aminoglycoside phosphotransferase class of enzymes. 44 In contrast, intramolecular π-π stacking of the adenine and nicotinamide has been observed in complexes with both NAD + and NADP + in the short-chain flavin reductase HpaC from Sulfolobus tokodaii strain 7.
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Structural features responsible for NADH specificity
Based on the structure of the NAD + -PA1024 complex, the 2'phosphate of the adenine ribose of NADP + would clash with P78 and Q80 of PA1024 at distances between 1.5 and 2.1 Å, as illustrated in the hypothetical model of Figure 6 . We propose that the steric constraint imposed by the folded conformation of the NAD + , P78, and Q80, confer the strict specificity for NADH to PA1024. Although it is possible that the loop may adopt a compatible conformation to bind NADPH, this conformation would be both unlikely and, most importantly, not catalytically relevant based on the kinetic data previously published with NADH and NADPH. The rate constant for flavin reduction at pH 7.0 with 0.5 mM saturating NADH, is 22 s
, whereas that with an equivalent concentration of NADPH is 3500 times slower. Charged residues do not play a role in the specificity of PA1024 for the NADH substrate.
The majority of the structure-function investigations on enzymes that utilize pyridine nucleotides attribute their specificity to electrostatics. An aspartate residue located in the 2'phosphate-binding region has commonly been shown to discriminate between NADH-NADPH in NADH-specific enzymes. Examples include D175 in Lactobacillus bulgarius D-lactate dehydrogenase, D53 in Bacillus stearothermophilus Llactate dehydrogenase, and D223 in yeast alcohol dehydrogenase. 45 A recent study describes a variant of Lactibacillus delbrueckii 11842 D-lactate dehydrogenase with three point mutations (D176S/I177R/F178T) that displayed significantly improved catalytic activity on both NADH and NADPH. 21 In Type II NADH dehydrogenase, a relatively NADH-specific enzyme, a variant of E203Q granted the enzyme the ability to oxidize NADH and NADPH with similar efficiency. 46 The presence of arginine or lysine is typically observed in the 2'phosphate-binding region of NADP + -specific enzymes. 4-Hydroxyacetophenone monooxygenase exhibits a 700-fold preference for NADPH over NADH, and makes use of three basic residues (R339, K439, and R440) to dictate specificity. 47 Crystallographic studies on 6-phosphogluconate dehydrogenase attribute the NADP + specificity to an interaction between the 2 0 -phosphate of NADP + and R33, since without that interaction there is no cleft for binding the adenine of NADH. 48 In the crystal structure of NADP + bound to NQO1, which can oxidize both NADH and NADPH, the backbone amide N atom of F232 interacts with one of the O atoms of the phosphate group on the adenine ribose of NADP + . 36 This additional hydrogen bond is not present with NADH as substrate and may explain the differences in affinity between NADH and NADPH in NQO1, but the absence of fully charged side-chains interacting with the extra phosphate on the adenine ribose may grant NQO1 its dual specificity.
Only a few studies have described a steric factor as controlling specificity in pyridine nucleotidedependent enzymes, as in the case reported here for PA1024. Homology modeling and docking analysis with NADPH of the bifunctional alcohol/aldehyde dehydrogenase from Clostridium thermocellum suggested the extra phosphate of NADPH would encounter electrostatic repulsion and steric hindrance with D494. 49 A variant of the enzyme with the mutation D494G increased the specificity with NADPH in C. thermocellum bifunctional alcohol/aldehyde dehydrogenase. A study on cytochrome P450 nitric oxide reductase, which prefers NADH but can oxidize NADPH at 20% the relative activity of NADH, attributed the preference for NADH to steric clash of a serine residue (S75) with the 2 0 -phosphate moiety of NADPH. 60, 61 The availability of the structure of the PA1024-NAD + complex provides a firm framework for future structure-function studies aimed at the characterization of the FMNdependent NADH:quinone oxidoreductase PA1024.
Materials and Methods
Protein production and crystallization
Recombinant PA1024 from P. aeruginosa was obtained through expression and purification methods previously described. 26 The recombinant PA1024 was dialyzed against 20 mM Tris-Cl, pH 8 (25 C), 200 mM NaCl, and 10% glycerol. The purified enzyme was concentrated to 5 mg mL −1 , based on the Bradford method, mixed with 2 mM NAD + (oxidized form of nicotinamide adenine dinucleotide) and incubated for 30 min at 4 C. The enzyme concentration was estimated based on the molar extinction coefficient of enzyme-bound FMN. 26 Crystallization was performed by the hanging drop vapor diffusion method at room temperature in 4 μL drops of a 1:1 ratio of protein previously incubated with NAD + and the reservoir solution. Yellow crystals were obtained within a day in presence of 0.1 M HEPES at pH 7.0, 4% (v/v) tacsimate at pH 7.0, and 15% (w/v) poly-ethylene glycol methyl ether 5000 as previously described. 27 Prior to crystallization, PA1024 activity was determined by monitoring the NADH consumption in the presence of different quinones. 26 
Data collection and processing
The crystals were cryo-cooled in the mother liquor with 25% (v/v) glycerol and flash frozen immediately in liquid nitrogen. X-ray diffraction data were collected at 100 K on beamline 22-ID with detector Eiger 16 M of the Southeast Regional Collaborative Access Team (SER-CAT) at the Advanced Photon Source, Argonne National Laboratory. One hundred eighty images of 1 oscillation per frame were collected with a 200 mm crystal-to-detector distance and an exposure time of 1 s per image. Data integration and analysis were carried out using iMOSFLM 51 and AIMLESS 52 in the CCP4 suite. 53 The resolution cutoff was determined by combining several criteria including CC 1/2 of >0.5 for the highest resolution shell, hI/σ(I)i > 2, redundancy, and completeness. The data collection and processing statistics are summarized in Table I .
Structure determination
The structure of the complex PA1024 with NAD + was solved by molecular replacement performed using the coordinates of the holo-form of PA1024 as the initial search model (PDB ID: 2GJL). 27 A unique solution was found by PhaserMR 54, 55 in the trigonal space group P3 1 21 with unit cell dimensions of a = 93.38, b = 93.38, and c = 80.76 Å. The Matthews coefficient calculated with the CCP4i suite 53 suggested one monomer in the asymmetric unit. The model was subjected to several rounds of refinement using Phenix. refine. 56 Electron density and difference map were inspected, and modifications to the model were made with COOT. 57 The refinement ended when inspection of the maps suggested that no more changes were justified, and no significant changes in the R free and R work were observed. Solvent molecules were inserted at stereochemically reasonable positions in peaks of 2F o -F c and F o -F c maps contoured at 1 and 3 sigma (σ) levels, respectively. Ligand restraint files were generated with phenix.elbow. 58 The final R work and R free values were 15.6% and 20.3% for the refined structure, respectively. The quality of the model was regularly checked for steric clashes, incorrect stereochemistry, and rotamer outliers using MolProbity. 59 All structural figures were produced using PyMol (www.pymol.org). Refined atomic coordinates and experimental structure factors have been deposited in the Protein Data Bank (PDB entry 6E2A). Refinement statistics are given in Table I .
Model of hypothetical PA1024-NADP + complex
The model with NADP + was created using the crystal structure of the complex with NAD + by substituting the 2'hydroxl with a phosphate group. Different conformations of the phosphate group in the NADP + were modeled (Fig. 6 ). 
